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Abstract

Background and Purpose: Renal dysfunction is known to af-
fect vasculature and lead to systemic arterial stiffness. It also
independently increases the risk of cerebral small vessel dis-
ease (cSVD) and stroke. We aimed to examine the effect of
renal dysfunction on cerebral hemodynamics and the bur-
den of cSVD. Methods: Of the 412 patients admitted to Seoul
National University Hospital, between May 2015 and 2019,
with lacunar infarction and no major intracranial arterial ste-
nosis observed on magnetic resonance angiography, we in-
cluded 283 patients who had undergone a transcranial Dop-
pler (TCD) ultrasound after 72 h of stroke onset. The patients
were divided into renal dysfunction (estimated glomerular
filtration rate [eGFR] <60 mL/min/1.73 m?2 at admission) and
control (eGFR =60 mL/min/1.73 m?) groups. We investigated
the correlations between renal function, the pulsatility index
(P1), and the total MRI burden of cSVD. Furthermore, multi-
variate analysis was performed to assess the association be-
tween renal dysfunction and the PI of the middle cerebral
artery (MCA) measured through TCD ultrasound. Results:

Among the total patients, 74 (26.1%) had renal dysfunction
(eGFR <60 mL/min/1.73 m2 at admission). Patients with renal
dysfunction were significantly older, showed higher pulse
pressure, and had a higher prevalence of hypertension, dia-
betes mellitus, and coronary artery disease. Renal dysfunc-
tion was significantly associated with higher distal cerebro-
vascular flow resistance (median Pl 1.12, interquartile range
[IQR]: 0.85-1.57 vs. controls 0.84, IQR: 0.54-1.22; p < 0.001).
Also, patients with renal dysfunction had a significantly
higher total MRI burden of cSVD (median cSVD score 2, IQR:
1-3 vs. controls median score 1, IQR: 0-2; p < 0.001). There
was an inverse proportional relationship between the Pland
eGFR. Finally, multivariate analysis showed renal dysfunc-
tion (adjusted odds ratio: 4.516, 95% confidence interval:
1.051-20.292) and older age (adjusted odds ratio: 1.076, 95%
confidence interval: 1.038-1.114) as independent predictors
of a high PI. Conclusions: Renal dysfunction is independent-
ly associated with a high Pl of MCA. Renal dysfunction leads
to systemic arterial stiffness including stiffness in cerebral ar-
teries, thus increasing the burden of cSVD. Therefore, nonin-
vasive screening for high Pl by TCD in kidney failure patients

might be helpful. ©2021 The Author(s).
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Introduction

Poor renal function is known to affect the systemic
vasculature and vascular remodeling, eventually leading
to systemic arterial stiffness [1, 2]. Arterial stiffening gen-
erally results from oxidative stress and chronic inflamma-
tion of the arterial wall, involving a variety of pathological
factors of kidney disease, including uremic toxins [3]. Ad-
ditionally, renal dysfunction increases the burden of ce-
rebral small vessel disease (cSVD) and the risk of stroke
[4, 5]. The underlying causes of the progression of cSVD
are poorly understood; however, the persistent pulsatile
stress from systemic arterial stiffness has been suggested
as a possible cause [6].

Transcranial Doppler (TCD) ultrasound is a noninva-
sive investigation used to obtain cerebral hemodynamic
data, including Gosling’s pulsatility index (PI). PI indi-
cates the degree of downstream vascular resistance to
flow. Aggravation of arterial stiffness decreases the damp-
ing of the vascular flow and increases PI of the cerebral
blood flow [7]. Furthermore, it has been considered that
increased PI of the middle cerebral artery (MCA) could
be associated with cerebral arteriosclerosis, progression
of white matter hyperintensities (WMHs), and cerebral
atrophy [8, 9].

Therefore, we hypothesized that renal dysfunction af-
fects systemic vasculature including cerebral arteries and
is associated with high PI of MCA. To determine the ef-
fect of renal dysfunction on cerebral hemodynamics and
burden of cSVD, this study aimed to analyze PI by kidney
function. Moreover, we investigated the impacts of renal
dysfunction on the total burden of cSVD.

Materials and Methods

Participants

In this retrospective study, we reviewed consecutive patients with
acute ischemic stroke who had been admitted to Seoul National Uni-
versity Hospital between May 2015 and 2019. We identified 412 pa-
tients with lacunar infarcts without any major intracranial arterial
stenosis or occlusion on magnetic resonance angiography. We de-
fined lacunar infarction as a small infarct (<20 mm on diffusion-
weighted image) in the territory of the perforating artery. Among
these patients, 393 had undergone a TCD examination. Patients who
had undergone TCD examinations <72 h after ischemic stroke were
excluded because of potential hemodynamic changes during the
acute stage of ischemic stroke. We also excluded patients with atrial
fibrillation or poor temporal insonation windows. Patients with in-
ternal carotid artery stenosis above 50% by The North American
Symptomatic Carotid Endarterectomy Trial criteria were also ex-
cluded. In effect, the final study population was 283. The study was
approved by the Seoul National University Hospital Institutional Re-
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view Board. Informed consent was waived by the Institutional Re-
view Board due to the retrospective nature of this study.

Measurements

We undertook a retrospective chart review to collect patient de-
mographic and clinical data. TCD examinations were performed by
experienced ultrasonographers at the Seoul National University Hos-
pital. Both MCAs were examined at multiple depths using a transtem-
poral window. The PI was calculated using the following formula:

PI = (peak systolic velocity — end diastolic velocity)/
mean flow velocity

We defined the PI of the bilateral MCAs as the mean of all mea-
sured PI values in both MCAs. Because the normal range of PI is
0.6-1.1, we defined high PI as above 1.1 [10].

Blood pressure and heart rate were measured immediately be-
fore the TCD examination using an automated blood pressure de-
vice. All evaluations were performed twice while the patient was
sitting in a chair. Pulse pressure was calculated by subtracting the
average diastolic blood pressure from the average systolic blood
pressure. The heart rate of each patient was based on the average
of the 2 measurements.

An experienced neurologist and a radiologist separately re-
viewed the results of brain MRI and were blinded to the clinical
information and TCD findings. The definition of the standard cri-
teria for markers for cSVD is based on international consensus
[11]. We used the total cSVD score, composed of all 4 imaging
markers of cSVD, to evaluate the total cSVD burden based on a
recently developed scoring system [12-14]. One point was as-
signed for the presence of each marker: WMHs, with either ir-
regular periventricular hyperintensities extending into the deep
white matter (Fazekas score 3) and/or confluent deep WMHs
(Fazekas score 2 or 3); a lacuna of <20 mm in diameter, located in
the internal or external capsule, basal ganglia, thalamus, or brain
stem and not competed with the clinical symptoms; a deep cerebral
microbleed located in the internal or external capsule, basal gan-
glia, or thalamus; and enlarged perivascular space with a scale of 2
or 3 in the basal ganglia, according to a 3-category ordinal scale
(0-10, 10-25, and >25), in the hemisphere with the highest num-
ber of extensive perivascular spaces. Scores ranged from 0 to 4 and
described the severity of the total cSVD burden.

Statistical Analysis

Means and medians were used as measurements of central ten-
dencies as appropriate, with corresponding standard deviations and
interquartile ranges, respectively. Comparisons between groups ac-
cording to renal function were performed using Fisher’s exact test for
proportions. Continuous variables were analyzed using the Wilcox-
on rank-sum test. The difference in total MRI burden of ¢SVD score
and each feature of cSVD between renal dysfunction and control
groups was analyzed. The correlation between the PI value and the
total MRI burden of c¢SVD score was explored by linear regression
analysis. For factors predicting the higher total MRI ¢SVD score,
multiple linear regression was performed. We investigated the rela-
tionship between eGFR distribution and the PI to divide the eGFR
into 5 categories. The eGFR levels were selected based on a chronic
kidney disease classification in accordance with the National Kidney
Foundation-Kidney Disease Outcomes Quality Initiative: eGFR =90
mL/min per 1.73 m?, eGFR 60-89 mL/min per 1.73 m% eGFR 30-59
mL/min per 1.73 m? eGFR 15-29 mL/min per 1.73 m? and eGFR

Lee/Jeong/Bae/Guk/Jeong/Lee/Yoon



Table 1. Baseline characteristics of the patients according to kidney function

Characteristics All, n (%) or Renal function p value
mean + SD or
median (IQR) no renal dysfunction (eGFR renal dysfunction (eGFR
>60 mL/min per 1.73 m?), n (%) <60 mL/min per 1.73 m?), n
or mean * SD or median (IQR) (%) or mean * SD or median
(IQR)
Total 283 (100) 209 (100) 74 (100)
Sociodemographic factors
Sex
Male 192 (67.8) 140 (67.0) 52 (70.3) 0.601
Female 91 (32.2) 69 (33.0) 22 (29.7)
Age, years 67.11£10.99 65.431+9.66 71.82+£10.96 <0.001
Medical history
Hypertension 218 (77.0) 153 (73.2) 65 (87.8) <0.001
Diabetes mellitus 119 (42.1) 75 (35.9) 44 (59.5) <0.001
Dyslipidemia 132 (46.6) 95 (45.5) 37 (50.0) 0.502
Coronary artery disease 29 (10.2) 12 (5.7) 17 (23.0) <0.001
Stroke or TIA 56 (19.8) 36 (17.2) 20 (27.0) 0.058
Current smoker 142 (50.2) 109 (52.2) 33 (44.6) 0.265
Laboratory findings
White blood cells, x103/uL 7.44+4.73 7.42%2.45 7.43+3.29 0.989
Hematocrit 40.53+5.25 41.51+4.81 37.67+5.47 <0.001
Platelet count, x10%/pL 222.93+60.15 227.95+56.42 208.63+68.11 0.018
eGFR, /min per 1.73 m? 75.64+26.69 88.67+16.29 40.65+17.81 <0.001
Total cholesterol, mg/dL 176.77+42.66 159.57+41.94 183.24+39.98 <0.001
HbAlc 6.47+1.11 6.35+£0.99 6.81+£1.31 0.003
C-reactive protein, mg/dL 0.51£1.57 0.43%1.53 0.71£1.41 0.196
Pulsatility index 0.88 (0.79-1.04) 0.84 (0.54-1.22) 1.12 (0.85-1.57) <0.001
Pulse pressure, mm Hg 73.72+21.63 70.03+19.87 84.15+23.09 <0.001
Heart rate, beats per minute 76.91+9.33 76.45%9.01 78.22+10.16 0.273
Time to MRI, min 2,006.71+1,914.17 1,998.44+1,970.63 2,030.08+1,758.69 0.478
Time to TCD ultrasound, min 6,830.02+2,129.52 6,772.04+2,191.44 6,993.92+1,947.52 0.585

SD, standard deviation; IQR, interquartile range; TIA, transient ischemic attack; eGFR, estimated glomerular filtration rate; MDRD,
Modification of Diet in Renal Disease; mm Hg, millimeter of mercury; MRI, magnetic resonance imaging; TCD, transcranial Doppler.

<15 mL/min per 1.73 m In this study, an eGFR >60 mL/min per
1.73 m? was classified as no renal dysfunction, and we selected pa-
tients with this eGFR as controls [15]. The diagnostic criteria of CKD
require longitudinal eGFR data from at least 3 months, and because
follow-up eGFRs were not available for all patients, we analyzed the
data according to eGFR levels at admission rather than CKD stages.
Finally, with the high PI (>1.1) as the dependent variable, multivari-
ate models were constructed to examine whether renal dysfunction
independently increased the PI. Statistical analysis was performed
using IBM SPSS version 25 (IBM Corp., Armonk, NY, USA). A 2-sid-
ed p value of <0.05 was considered statistically significant.

Results

Baseline Characteristics of the Patients according to

Kidney Function

Of the 412 patients with acute lacunar infarction, 283
had undergone a TCD examination at least 72 h after

Renal Dysfunction and Cerebral
Hemodynamics

stroke onset. The average time taken from the stroke on-
set to the TCD was 6,830.02 + 2,129.52 min. Of these, 74
(26.1%) had renal dysfunction (eGFR <60 mL/min/1.73
m? at admission). Table 1 shows patient demographics,
vascular comorbidities, and laboratory findings. Among
the total patients, 67.8% were male. The mean age of total
participants was 67.11 £ 10.99 years, whereas the mean
ages of those without and those with renal dysfunction
were 65.43 + 9.66 and 71.82 + 10.96 years, respectively.
The patients with renal dysfunction were significantly
older, showed higher level of pulse pressure (84.15 +
23.09 mm Hg vs. control group 70.03 + 19.87 mm Hg,
p <0.001), and had a higher prevalence of hypertension
(87.8% vs. control group 73.2%, p < 0.001), diabetes mel-
litus (59.5% vs. control group 35.9%, p < 0.001), and cor-
onary artery disease (23.0% vs. control group 5.7%, p <
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Fig. 1. Inverse proportional correlation between eGFR and pulsa-
tility index. eGFR, estimated glomerular filtration rate.

0.001) than the control group. However, hematocrit
(37.67 = 5.47% vs. control 41.51 + 4.81%, p < 0.001) and
platelet count (208.63 + 68.11 x 10°/uL vs. control 227.95
+ 56.42 x 10%/uL, p = 0.018) were significantly lower in
the renal dysfunction group. Renal dysfunction was sig-
nificantly associated with higher arterial stiffness (medi-
an PI 1.12, interquartile range [IQR]: 0.85-1.57 vs. con-
trols median P10.84, IQR: 0.54-1.22; p < 0.001) of MCA.
Furthermore, a proportional relationship was found be-
tween the degree of renal dysfunction and PI (shown in
Fig. 1).

The Total Burden of cSVD according to Renal

Function

The total MRI cSVD score was calculated using a pre-
viously explained 4-point scale. Each 1 point was assigned
for the presence of each of the following: the presence of
1 or more lacunes, presence of cerebral microbleeds,
moderate to severe basal ganglia PVSs, and WMHs. Pa-
tients with renal dysfunction (eGFR <60 mL/min per 1.73
m?) had a significantly higher cSVD burden than the con-
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trol group (renal dysfunction group median: 2, IQR: 1-3;
control group median: 1, IQR: 0-2, p < 0.001). All kinds
of cSVDs, lacunae, cerebral microbleeds, extensive peri-
vascular spaces, and WMHs, were observed significantly
more frequently in patients with renal dysfunction. In the
linear regression analysis, the total MRI burden of cSVD
was significantly associated with MCA PI (p < 0.001, see
Table 2). Besides, in the multiple linear regression analy-
sis, old age (B 0.601, standard error [SE] 0.005, p < 0.001)
and renal dysfunction (f 0.226, SE 0.114, p < 0.001) were
significantly correlated with total MRI ¢SVD score (Ta-
ble 3).

Factors Associated with High Intracranial Vascular

Resistance

A stepwise multivariate linear regression analysis was
performed to identify independent predictors of the high
PI (>1.1). Risk factors known to affect arterial stiffness,
such as older age, hypertension, diabetes mellitus, dyslip-
idemia, coronary artery disease, previous history of stroke
or transient ischemic attack, smoking, and pulse pressure,
were included. We also included hematocrit as a variable
considering that blood viscosity may affect the result of
TCD. Renal dysfunction (adjusted odds ratio [aOR]:
4.516, 95% confidence interval [CI]: 1.051-20.292) and
older age (aOR: 1.076, 95% CI: 1.038-1.114) were inde-
pendent predictors of a high PI in the multivariate model
(Table 4).

Discussion

Renal dysfunction is known to affect systemic vascula-
ture and lead to arterial stiffness caused by various uremic
toxins. Earlier studies showed a gradual decline in renal
excretion causing an increase in serum phosphates. In-
creased phosphate levels may induce vascular calcifica-
tion directly through activation of proinflammatory mol-
ecules that are signaled in vascular smooth muscle cells
[16]. Uric acid, another vascular toxin, is increased in pa-
tients with renal dysfunction. Uric acid decreases nitric
oxide production by impeding the activity of endothelial
nitric oxide synthase, which facilitates the proliferation of
vascular smooth muscle cells [17]. Last, hypertriglyceri-
demia is frequently found in patients with renal dysfunc-
tion [18]. This condition can trigger oxidative stress, vas-
cular inflammation, foam cell formation, and endothelial
dysfunction [19].

Previous studies have suggested that renal dysfunc-
tion independently predicts the presence of cSVD [5].

Lee/Jeong/Bae/Guk/Jeong/Lee/Yoon



Table 2. MRI feature and total burden of cSVD* according to renal function

MRI feature All, n (%) or  Renal function p value
median (IQR) - -
(N =283) no renal dysfunction (eGFR renal dysfunction (eGFR
>60 mL/min per 1.73 m?), n (%) <60 mL/min per 1.73 m?), n
or median (IQR) (N = 209) (%) or median (IQR) (N = 74)
Lacune 91 (32.2) 56 (26.8) 45 (60.8) <0.001
Cerebral microbleeds 75 (26.5) 44 (21.1) 31(41.9) 0.003
Enlarged perivascular spaces 77 (27.2) 43 (20.6) 34 (45.9) <0.001
WDMHs 105(37.1) 67 (32.1) 38 (51.4) 0.005
Total MRI burden of cSVD score, median (IQR) 1 (1-2) 1(0-2) 2 (1-3) <0.001
MCA PI to total MRI burden of cSVD <0.001

cSVD, cerebral small vessel disease; MRI, magnetic resonance imaging; IQR, interquartile range; eGFR, estimated glomerular
filtration rate; cSVD, cerebral small vessel disease; MCA, middle cerebral artery; PI, pulsatility index; WMHs, white matter hyperintensities.
TWMHs defined as either irregular periventricular hyperintensities extending into the deep white matter (Fazekas score 3) and/or
confluent deep WMHs (Fazekas score 2 or 3); a lacune, located in the internal or external capsule, basal ganglia, thalamus, or brain stem
with a diameter <20 mm and not competed with the clinical symptoms; cerebral microbleeds located in the internal or external capsule,
basal ganglia, or thalamus; and enlarged perivascular space in the basal ganglia with a scale of 2 or 3, pursuant to a 3-category ordinal
scale (0-10, 10-25, and >25), in the hemisphere with the highest number of extensive perivascular spaces.

Table 3. Factors associated with total MRI burden of cSVD

Factors Unstandardized Standardized ¢ p value 95% CI for B VIF

coefficients coefficients

B SE] P lower upper

bound bound

Age 0.061 0.005 0.601 13.308 <0.001 0.052 0.070 1.165
Renal dysfunction (eGFR <60 mL/min per 1.73 m?)  0.568 0.114 0.226 4.973 <0.001 0.343 0.793 1.181
Hypertension 0.088 0.112 0.033 0.033 0.440 -0.136 0.311 1.069
Diabetes mellitus 0.059 0.097 0.027 0.611 0.541 -0.132 0.251 1.078
Dyslipidemia 0.013 0.096 0.006 0.134 0.893 -0.176 0.202 1.076
Coronary artery disease 0.043 0.162 0.012 0.265 0.791 -0.275 0.361 1.127
Previous stroke or TIA 0.236 0.118 0.086 2.003 0.062 -0.011 0.458 1.060
Current smoker 0.017 0.095 0.007 0.173 0.863 -0.171 0.204 1.062

cSVD, cerebral small vessel disease; MRI, magnetic resonance imaging; eGFR, estimated glomerular filtration rate; TIA, transient ischemia attack; CI,
confidence interval; VIF, variance inflation factor; D-W, Durbin-Watson statistic. F = 39.415 (p < 0.001), R = 0.536, adjusted R? = 0.522, D-W 1.565.

Central arterial stiffness, such as aortic stiffening, trans-
mits potentially harmful pulsatile energy to distal vessels
[20]. Increased transmission of this energy into periph-
eral arteries causes reactive changes in distal vascular re-
sistance to flow as well. If this is maintained over a long
duration, it will lead to remodeling of the vessel wall
composition and permanent changes in the distal vascu-
lature [21]. Therefore, this mechanism is considered to
have the pathophysiological potential to progression of
cSVD.

Renal Dysfunction and Cerebral
Hemodynamics

The results of our study support those from previous
studies that renal dysfunction causes stiffness of systemic
vasculature and leads to the progression of ¢SVD. Fur-
thermore, we demonstrated an inverse proportional rela-
tionship between the aggravation of renal dysfunction
and the increase of PI. Thus, our results show that the
progression of cSVD might be due to aggravation of sys-
temic and cerebral arterial stiffness caused by renal dys-
function. Because the presence of cSVD is known to be
associated with a higher risk of stroke and its unfavorable
outcomes, these data provide evidence for the need to as-
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Table 4. Factors associated with high

intracranial vascular resistance (PI > 1.1) Factors

Multivariate logistic regression
analysis (n = 283)

adjusted OR* (95% CI)  p value
Renal dysfunction (eGFR <60 mL/min per 1.73 m?) 4.116 (1.013-19.292) <0.001
Age 1.025 (0.980-1.071) 0.017
Female gender 0.680 (0.233-1.980) 0.479
Hypertension 0.858 (0.252-2.919) 0.806
Diabetes mellitus 1.196 (0.485-2.950) 0.698
Dyslipidemia 1.004 (0.405-2.485) 0.994
Coronary artery disease 1.028 (0.339-3.114) 0.961
Previous stroke or TIA 1.541 (0.575-4.129) 0.389
Current smoker 0.595 (0.221-1.602) 0.304
Pulse pressure 1.010 (0.990-1.031) 0.321
Heart rate 1.025 (0.980-1.071) 0.287
Hematocrit 0.827 (0.671-1.019) 0.075

eGFR, estimated glomerular filtration rate; OR, odds ratio; TIA, transient ischemia
attack; CI, confidence interval. * Adjusted for sex, age, renal dysfunction, history of
hypertension, diabetes mellitus, dyslipidemia, coronary artery disease, smoking status,
previous ischemic stroke or TIA, pulse pressure, and hematocrit.

sess the risk of ischemic stroke using TCD in patients with
kidney failure and for early intervention addressing risk
factors for ischemic stroke.

A strength of this study is that the PI was accurately
evaluated by excluding any stenosis or occlusion in the
cerebral arteries. Considering hemodynamic changes
that occur in the acute stroke phase, we did not include
TCD data that had been obtained <72 h from symptom
onset time. In addition to those risk factors related to ar-
terial stiffness, we adjusted for hematocrit, which may af-
fect the results of TCD. Furthermore, we showed a con-
sistent trend that the PI of MCA is inversely proportion-
al to the eGFR measured at admission. This has not been
reported in any previous study.

This study had some limitations. First, it was a single-
center, retrospectively designed study, and the sample size
was relatively small. Second, we did not assess all medical
conditions such as cerebral edema which may influence
the PI. However, we only included lacunar stroke patients,
and no patient had a craniectomy. Therefore, it is assumed
that the effect of cerebral edema was insignificant in this
study. Last, we defined the renal dysfunction from a single
examination performed at admission. A follow-up evalu-
ation of renal function was not performed in all patients.
Renal dysfunction might be overdiagnosed due to con-
comitant medical conditions such as dehydration related
to acute stroke. Also, data were cross-sectional, and we
were not able to address longitudinal relationships be-
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tween the aggravation of renal dysfunction and changes in
cerebral hemodynamics. Further, large-scale studies con-
sidering these factors will be needed to validate our results.

Conclusion

Renal dysfunction is known to affect the vasculature
and eventually leads to systemic arterial stiffness. Pulsa-
tile stress from arterial stiffness is known to be associated
with the progression of cSVD. We demonstrated that re-
nal dysfunction is independently associated with a high
PI and correlates with the total burden of cSVD. Nonin-
vasive screening for cSVD by TCD in kidney failure pa-
tients might be helpful.
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